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Measurement of nonlinear momentum compaction factor
in the UVSOR storage ring
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There is a growing interest in operating of ring accelerator with extremely low momentum compaction
factor. Such low momentum compaction factor, if attained, would lead to short bunched-beam that can be used
for the generation of coherent radiation, and an isochronous condition that enables high power storage ring free
electron laser. On the UVSOR storage ring, we have succeeded to operate the ring with momentum compaction
factor reduced to one hundredth of the ordinal value by changing the dispersion function [1]. In the study we have
found that nonlinear terms are serious problem to reduce momentum compaction factor further and precious study
on them is needed, however there was no exact theoretical approach on them. Only recently Tanaka et al. have
formulated a nonlinear dispersion function in storage ring and developed a code which gives higher order terms up
to the fifth order [2]. In order to proceed with the study we have performed an experiment to observe the
nonlinear behavior of momentum compaction factor and compared the result with the theoretical calculations.

The momentum compaction factors o, ,,;,...connect the momentum deviation dp/ pto the fractional
elongation Al/[ as

Al IT=a,(Ap! p)+a,(dp il p) +a,(bp/ p) +... . (1)
Then a local value of the momentum compaction factor at a momentum deviation of dp/ p can be written as

d(Al71)
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and the synchrotron oscillation frequency is given as
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where e, V., Tand E are the electron charge, the slope of the RF field, the revolution time and the electron
energy, respectively. Thus the nonlinear behavior of the momentum compaction factor can be investigated by
measuring the synchrotron oscillation frequency as a function of the momentum deviation.

The experiment was carried out at the electron energy of 600 MeV, which is the maximum energy of the
synchrotron and at the operation points of both positive and negative linear momentum compaction factor [3].
The synchrotron oscillation frequency was deduced through the collective synchrotron oscillation excited due to
beam instability. We varied the RF frequency from the central value step by step until the acceptance limit and
measured the synchrotron frequency as a function of the RF frequency. We also varied excitation current of
focusing sextupole magnets in order to derive the dependence on sextupole strength. In Fig.1, the experimental
local momentum compaction factor (¢, ) deduced using Eq (3) as a function of the deviation of the RF
frequency is shown. As seen in the figure, nonlinear behavior due to the higher order momentum compaction
factors (or,, &5,...) is clearly observed.  The central RF frequency (Af/ f =0)in the figure was derived from the
cross point that is independent of the value of the sextupole strength. This means that in the central RF frequency
the electron beam passes through the averaged magnetic center of the sextupole magnets. The calculated local
momentum compaction factor using the code [2] is also shown by the solid line in the figure. In the calculation,
we have taken into account the higher order terms up to the fifth order (the maximum order obtained in the
calculation code) and made a correspondence between the deviation of momentum and RF frequency as



AL f= f[a] +0,(Ap! p)+ o (Ap ! p) +a,(Ap/ p) +o(Ap/ p)“](Ap / p). )

As seen in the figure, the calculated local momentum compaction factor agrees well with the experimental value.
In order to confirm significance of the higher order terms of momentum compaction factor, we changed the
maximum order of ¢ included in the calculation and compared each value with the experimental ones. In the
comparison, we found that up to the third order the calculation comes closer to the experiment as the maximum
order increases, but on the calculation up to the forth order no actual improvement can be observed.  This indicates
that the contribution from more than the forth order terms is small and is obscured by the experimental errors.  We
think that source of the error comes from the incomplete modeling of the magnetic strength and the closed orbit
distortion.

In this work, we have shown validity of the formalism by Tanaka et. al. up to the third order terms. More
accurate study is needed to investigate further higher order terms and we are proceeding with it.
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Figure 1. Variation of the local momentum compaction factor versus RF frequency for different sets
of sextupoles , for positive (a) and negative first order momentum compaction factor. The solid
line shows the calculated value.
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Energy-selected electron ion coincidence (EICO) spectroscopy is an ideal tool for investigations of the
ion desorption induced by electronic transitions, because it provides ion mass spectra for the ion desorption
channels related to the selected electron transitions [1].  We have developed the first EICO apparatus combined
with synchrotron radiation for the study of surface dynamics in 1996 [2]. A remodeled EICO analyzer was
developed in 1998 the sensitivity of which was improved by the factor of 5 as compared with the second one [1].
In the present article, we describe the third EICO analyzer developed recently [3]. Every EICO analyzer was
constructed on a 203-mm-diameter conflat flange as a bolt-on instrument, which consists of a cylindrical mirror
analyzer (CMA) for detection of energy-resolved electrons, a time-of-flight ion mass spectrometer (TOF-MS) for
ion detection and a retraction mechanism. Since the signal-to-background ratio of coincidence spectroscopy is
linearly dependent on the collection efficiency of electrons and ions, the solid angles of CMA and TOF-MS were
improved at every remodeling. Figure 1 shows a schematic diagram of the third EICO apparatus. In order to
achieve a fair signal-to-background ratio within a reasonable data collection time, the solid angle of the CMA is
designed to be 1.1 sr. The TOF-MS without a deflector is located coaxially with the CMA.  With these
reforms the signal-to-background ratio was improved by a factor of 5 as compared with the second one. The
resolving power of the CMA was limited to E/AE = 100 because of the large solid angle, the relatively large
spot size of synchrotron radiation (1< 1 mm?) and ion extraction field (17 V/mm). The ion detection efficiency
of the TOF-MS is 0.4, The EICQ analyzer was attached to an ultrahigh vacuum chamber at the BL-2B1. The
surface normal was set coaxial to the CMA and TOF-MS. A sample surface was excited by p-polarized
radiation with an incident angle of 60° , and the emitted electrons were energy-selected and detected by the
CMA, while the desorbed ions were mass-analyzed and detected by the TOF-MS. The ion counts were
recorded as a function of the TOF difference between the energy-selected electron and the ion with a multi
channel scaler (MCS) by taking the electron

signal as the starting trigger  The ion
desorbed in coincidence with the detected
electron gives a coincidence signal at a specific

TOF, while the ion irrelevant to the electron
increases the background level.  Since the
selected electron kinetic energy corresponds to | |Samele ' : L[ﬁ-
particular photoemission or Auger transitions, :
the coincidence signal intensity offers the yield
of the ion desorption induced by the selected
core-excitations or Auger transitions.
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A Dragon-type monochromator has
been newly constructed at the bending-
magnet beamline BL2B2 of the UVSOR. 300
The monochromator has been designed to
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Grating : G3
slit width : 100 um - 100 pm
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cover the energy range of 20 — 200 eV with 20

three gratings (G1: 80 — 200 eV, G2: 40 -
100 eV, G3: 20 - 50 eV). Aresolving power,
E/AE, of 5000 and a photon flux more than
1 x 10" photons s at 100 mA ring current
are expected. The details of the
monochromator were described in Ref [1].
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series of He (60 - 65 eV, for G2) and 3s'np
series of Ar (256 - 30 eV, for G3). Figure 1
shows the ion yield spectrum of 3sinp

evaluated from the ion yield spectra of the

Fig. 1. Ion yie{d spectrum of 3s'np series of Ar
with a slit width of 100 pm.
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of the grating [1]. The measured resolving Fig. 2. Resolving power vs. slit width at 30 eV.
power is higher than that expected. The solid line shows the expected values [1].



The spectral shape of the 2snp + 2pns series of helium is asymmetric, and it is therefore

difficult to estimate the resolution. However, the peaks become more symmetrical with increasing

n because of the system resolution. Hence, we have judged the resolution based on the FWHM of

the symmetrical peak. The resolution at 91.2 eV is obtained by fitting of the line shape of the

3ds26p peak of krypton to a Veigt function.

Figure 3 illustrates the resolving
power and photon flux under the condition
at the 100 mA ring current when both the
entrance and exit slits are set to 100 pm
wide. The solid line in the panel indicating
the resolving power shows the expected
values. Values of the resolving power
measured at 30 eV and 60 eV are twice as
high as those expected. It is lower than 5000
at 91.2 eV, though such performance has
been predicted on the original design of the
monochromator. At this energy the resolving
power is also above the expected one. We
have confirmation that the alignment
procedure is fully completed.

The photon flux has been estimated
by measuring the photocurrent of the gold
mesh. The photon flux is more than 1 x 10'°
photons s in the region of 50 — 160 eV. In
the region covered with G3 the photon flux
seems to be low. However, the photon flux
above 1 x 10 photons s has been achieved
when the resolving power is lowered to
5000.

The alignment of the Dragon-type
monochromator has been almost finished.
The resolving power of 2000 - 8000 is
available with the condition of the photon
flux of 1 x 10¥ photons s at 100 mA ring

current.
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Fig. 3. Resolving power (down) and the photon
flux at 100 mA ring current (up) when the entrance
and exit slit widths are set to 100 wm. The solid
lines in the lower panel show the expected values.
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Since the beam line 4A1 and 4A2 are going to be used for experiments of fabricating nano-structures
by SR-stimulated etching and thin film deposition, and for analysis of the SR-stimulated reaction by several in
situ observation techniques, we established several criteria for the design of the beam lines. The beam spot
size on the sample surface was designed to be =3 X3 mm’. To obtain a large photon flux, we decided to use
only one pre-mirror for focusing, designed so that it can accept as wide a horizontal divergence of the emitted
beam from the light source as possible. .

The pre-mirror of the beam line 4A1 is an elliptically-bent cylindrical quartz mirrer with a Pt coating
on its surface. (The radius of the cylindrical curvature is 253.0 mm and the longer and shorter radii of the
elliptical curvature are, respectively, 4880 mm and 290 mm.) A length of the pre-mirror is 530 mm and a
height is 30 mm. It was set at a point 2.35 m downstream from the light source point of the bending magnet
with a grazing incident angle of 4 degrees. The horizontal and vertical acceptance angles of the pre-mirror are,
respectively, 16.0 mrad and 13.0 mrad. The reflected beam is focused at a point 7.4 m downstream from the
center of the pre-mirror and has an elliptical spot size of about 5 mm X2 mm at this focus point.

The pre-mirror of the beam line 4A2 is also an elliptically-bent cylindrical quartz mirror with a Pt
coating on its surface. (The radius of the cylindrical curvature is 210.0 mm and the longer and shorter radii of
the elliptical curvature are, respectively, 7248 mm and 279 mm.) A length of the pre-mirror is 490 mm and a
height is 30 mm. It was set at a point 2.35 m downstream from the light source point of the bending magnet
with a grazing incident angle of 3 degrees. The horizontal and vertical acceptance angles of the pre-mirror are,
respectively, 11.1 mrad and 13.0 mrad. The reflected beam is focused at a point 12.2 m downstream from the
center of the pre-mirror.

; : o BLAA2 =
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Figure 1. Top view of the pre-mirror chamber of the beam line 4A.
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It is well known that synchrotron radiation (SR) having a vertical spread of ~1 mrad from
bending magnets is linearly polarized (more than 90%) horizontally. The degree of linear
polarization depends on the detection angle for SR relative to the orbital plane of the electrons
stored. This will be a maximum when the vertical position of the center of the first mirror
matches with that of the orbital plane. At BL8B1 the degree of linear polarization was measured
with the use of a soft X-ray multilayer polarizer and was determined to be about 0.6 [1]. This
poor value was attributed to the fact that the vertical center of the acceptance angle of the first
mirror was lower than the orbital plane.

The linear-polarization degree of monochromatized SR has been improved by the re-
alignment of the beamline components (M1, M2, gratings, M3 and TOF chamber), with the help of
well-polarized UV light. Fig. 1 shows the setup for monitoring the degree of linear polarization of
the UV light. The vertical aperture of the diaphragm was placed in front of a UV filter and a
polarizer. The width of the diaphragm was kept at lmm during the measurements. In order to
obtain only the central part of the photon beam, the polarization degree was monitored with the
polarizer and a Si photodiode. Then, the position of the diaphragm was determined to be the
polarization degree at maximum. After the determination of the central part of the SR beam, the
heights of all the beamline components were moved so as to align the beam through the
diaphragm. Consequently, we have moved them down 3mm to the ground level. The angle of
the gratings was so important that a tilt angle of the monochromator was monitored during the
re-alignment by a tilt sensor (Koku-Denshi MC100L) and was maintained at the fixed angle
during the course of the experiments.

The improved polarization degree has been measured, again, by the soft X-ray multilayer
polarizer and was determined to be more than 98%. This improvement will be particularly useful
for Magnetic Circular Dichroism (MCD) measurements in core absorption.

Mr. Hayashi and Mr. Kondo at IMS deserve special thanks for their technical support. We
are also indebted to Mr. Saito and Prof. Watanabe at Tohoku University for providing us the
information on the degree of linear polarization.

[1] T. Hatano, W. Hu, M. Yamamoto and M. Watanabe, UVSOR Activity Report 1997, 64.
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Fig. 1: The system for measurement of the polarization degree of UV light.
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Nano structures must open new windows not only for surface physics and chemistry but also for electronic
and photonic devices. Synchrotron radiation stimulated surface chemical reactions have been a most promising
way to fabricate nano structures, because they offer a process with the advantages of high-site selectivity by core
electron excitation and also free-of damage with atomic scale. Since a new beam line with higher flux is required
for the processing, we have been designing and constructing BL-4A2 beam line for the nano structure
fabrication.

We have been constructing a new beam line BL-4A2 which consists of white ray beam, ultra-high vacuum
scanning tunneling microscope (UHV-STM) and photo-stimulated reaction chamber. In near future, we are
going to join a near field optical microscope for monitoring optical properties with the atomic scale to them.
Figure 1 shows the outline of the beam line, which consists of pre-focusing mirror (M 1), secondary mirror (M2),
monitor port, two differential pumping ports, reaction chamber and STM. An elliptically bent cylindrical mirror
made of quartz coated with platinum is used as the pre-mirror. The reflected beam is focused at a point of 12.7 m
down stream from the center of the pre-mirror and has a spot size of 8x6 mm®*. Low energy electron diffraction

(LEED) is installed in the reaction chamber for in-situ characterization of substrate surfaces and also STM is for

Reaction Chamber

Pre-mirror Chamber

Differential

Monitor Port Chamber Pumping Chamber
Secondary Mirror Chamber STM Chamber

2378.8 12700

Figure 1. Schematic drawings of the BL-4A2 beam line with a reaction chamber and STM.



observation of the surface processes with atomic scale. We have a plan to make a photonic band-gap structures in
a SiO, planer waveguide and study evanescent light from the waveguide surfaces with near field optical
microscope.

First, we replaced the mirror chamber of the beam line BL4A with the new type of thing. In case of the
new model chamber, when an optical-axis was considered a x-axis and a perpendicular on the floor was
considered a z-axis, the tilting ( ¢ ) which moved around the x-axis, and a liner motion in the y-axis direction are
possible. Though only the rotation which moved around the z-axis could be adjusted in case of the usual
chamber by the liner motion feedthroughs in the vacuum. Helium neon laser was irradiated from the downstream
side of the beam line to adjust the optical-axis, without SR. It is because the front-end valve has the atmosphere
leak and it is dangerous to keep the pre-mirror chamber atmospheric pressure for a long time. Each degree of
vacuum of the pre-mirror chamber and the secondary-mirror chamber reaches 9.8 X 10 Torr and 3 X 10" Torr
at present. However, a mirror of a BL4A2 inside the pre-mirror chamber, which should be faced on the xy-plane,
is slanted and it was proved that a beam form warped in the parallelogram. It can think that this is because a
displacement occurred in the holder by the vibration when a HELICOFLEX of the pre-mirror chamber were
secondary tightened. The pre-mirror chamber will atmosphere leak on that occasion, and alignment will be done
with the SR because the valve exchange of the front end is done when it is shut down next time. Therefore, the
adjustment of the STM2 chamber that is STM chamber

Reaction chamber
an end station is being made in the present.

We must attain the ultra high vacuum of
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10" Torr level to do in-situ observation
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Recent conceptual and technological improvements to monochromators for synchrotron
radiation have enabled us to realize various studies on vibrational spectroscopy in the soft x-
ray range (100 ~ 1000 eV), which contains the K-shell thresholds of chemically important
elements like C, N, and O, even without the use of undulator radiation [1]. At the UVSOR,
there is only one monochromator for high resolution spectroscopy in the photon energy region
of interest (250-550 eV). A maximum resolving power of 4000 at 400 eV is achievable
with this monochromator, but due to a little complicated scanning mechanism, it has difficulty
maintaining such high resolution in the entire photon energy range. Design study for a new
monochromator at BL4B has recently been started in order to improve the situation. A
Varied-line-spacing Plane Grating Monochromator (VPGM) has been chosen for this work.
Thanks to the availability for high quality gratings and simple scanning mechanism, VPGM
seems to be one of the most trustworthy monochromators to realizing high resolution in the
soft x-ray range.

Figure 1 shows a schematic layout of the optical elements of the present VPGM. In
front of all optical elements, there is an aperture, located 1.9 m from the source position.
The usual setting of this aperture is 3.8 mmy X 14.3 mmpy, which limits the half acceptance
angle to 1 mrady X 3.75 mrady. The radiation is deflected horizontally by a cylindrical
mirror M,. This also serves as a vertical focusing mirror (sagittal focusing), which focuses
the radiation onto an entrance slit S,. A cylindrical mirror M, is located 1.1 m behind M,,
and focuses the radiation horizontally. M, and M, (Si substrates) are cooled from both sides
by water-cooled copper blocks coated with Ni. A spherical mirror M, is one of the most
important optical element to realizing high resolution, which focuses the radiation through S,
onto an exit slit S,. Two holographically ruled laminar profile plane gratings with the
varied-line-spacing are designed to cover the energy range from 100 eV to 700 eV. The
gratings with the groove densities of 266.7 and 800 I/mm cover the spectral ranges of

100-250 and 250-700 eV, and are interchangeable without breaking the vacuum. The



including angle of the gratings is 174°, and the fixed entrance- and exit-slit arm lengths are
4.0 and 4.006 m. A refocusing mirror M, has a toroidal shape, which focuses the
monochromatized radiation at the sample position. The incidence angle of M; is 87.5%, in
order to make the exit beam horizontal. All the gratings and mirrors are coated with Au.

The resolution of the present monochromator was studied by ray-tracing simulation as
well as analytical estimation. As a result, it is found that a resolving power E/AE of more
than 5000 is achievable over the energy range from 250 to 700 eV with one single grating
having the groove density of 800 I/mm. It is also seen that the beam size (FWHM) at the
sample position is smaller than 0.4 mmy x 0.6 mmy, even with full size openings of the
entrance and exit slits. The throughput photon flux estimated ranges from 10° to 10

photons/sec for the ring current of 100 mA, with a resolving power of 5000.

References
[1] Y. Kitajima et al., J. Synchrotron Rad. 5, 729 (1998).
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Figure 1. Schematic layout of the designed monochromator.
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Two-color multilayers reflecting both He-I (58.4nm) and He-II (30.4nm) resonance lines have been designed
and fabricated for reflection coatings of Schwarzschild objectives of micro ultraviolet photoelectron spectroscopy
(UPS) instruments. They were designed to consist of top layers and piled double layers so that their reflectances
for both He-I and He-II resonance lines are more than 20 %. Fabricated are multilayers of SiC(top layer)-Mg/
SiC(double layers) and SiC(top layer)-Mg/Y 203 (double layers), and their reflectances for the He-I and the He-II

are 23 % and 17 %, and 20 % and 23 %, respectively.

KEYWORDS: multilayer, He-l, He-ll, resonance line, ultraviolet, reflection ceating, mirror

1. Introduction

Photoelectron micro-spectroscopy is powerful method
to investigate electronic structures of condensed matters
of small size and those consisting of grains.!) In labo-
ratories, He-I (58.4nm) and He-II (30.4nm) resonance
lines are used for ultraviolet photoelectron spectroscopy
(UPS). Changing the exciting photon energy for photo-
electron spectroscopy is important to obtain partial den-
sity of states (p-DOS) of valence bands.?) Even if the
energies of the initial states are same, symmetries of fi-
nal states excited by He-I and He-II lines are different.
The difference is due to the dependence of the transi-
tion matrix element on the exciting photon energies.> %
Therefore, the p-DOS with different symmetries can be
seen even if the photoelectrons are emitted from valence
states with the same binding energy. For example, the
Ce 4f p-DOS’s in CeSi; were obtained using He-I and
He-II lines.¥) Therefore, the microUPS instruments of
the practical use are very promising tool if the suitable
demagnifying optical elements for both resonance lines
are available.

The Schwarzschild objective (SO) is one of micro-
focusing optical elements in ultraviolet and soft x-ray
regions.) In the SO unit, the mirror surfaces should be
coated with high reflectance materials for normal inci-
dence. One of such materials is the multilayer of the
piled double layers consisting of two materials with pe-
riod of more than 10 (usual multilayer). However, the
usual multilayer has a high reflectivity at only a certain
wavelength for a fixed angle of incidence.

Therefore, in this paper, special two-color multilayers
reflecting both He-I and He-II resonance lines have been
designed and fabricated for reflection coatings of the SO
units in microUPS instruments.

2. Design and fabrication of {wo-color multilayers

There are several materials which reflect He-I line ef-
ficiently (> 20 %) by their single layers. However, there
are no such materials for He-II line, so that usual mul-
tilayers are required. Extinction coefficients of materi-
als are generally larger for He-I line than for He-II line.
Therefore, the two-color multilayer was designed to be
composed of the top single layer reflecting He-I line with
high transmittance for He-II line and the usual multi-
layer reflecting He-II line under the top layer.

To obtain high reflectance at interfaces, two materials
were selected according to the following principle. The
principle is that, the absolute value of the difference of
Fresnel reflection coefficients (abs.) between two mate-
rials has to be as large as possible at the design wave-
length.®) (The Fresnel coefficient of the vacuum is 0.)
Adding to this, the imaginary parts of these Fresnel co-
efficients (#m.) which are proportional to the extinction
coefficients have to be as small as possible to minimize
the absorption of the light.

In Figs. 1(a) and 1(b), Fresnel reflection coefficients of
various materials for He-I and He-II resonance lines at
the angle of incidence of 0° are plotted in the complex-
plane using the Henke's and the Palik’s data.™"® The
single layer of SiC was chosen for the He-I reflection,
because in SiC the abs. is large for He-I line as shown
in Fig. 1(a), and the #m. is small for He-II line as shown
in Fig. 1(b). The piled double layers of Mg/Y;03 and
Mg/SiC were chosen for the He-II reflection. In the case
of Mg/Y;Q; multilayer, the abs. between Mg and Y503
is large as shown in Fig. 1(b), so that the high reflectance
can be achieved by a small number of layers. In the case
of Mg/SiC multilayer, the abs. between Mg and SiC is
small, but the im. of each material is small, so that the
high reflectance can be achieved by a large number of
layers.

Calculations of reflectance of the multilayers are per-
formed using the recurrent method with extension as for
the number of materials.®) The two-color multilayers
were designed to have reflectances of more than 20%
for both He-I and He-II lines. Through the calculations,
the thickness of the layers in the SiC (top layer)-Mg/SiC
(double layers) and the SiC (top layer)-Mg/Y203 (dou-
ble layers) were determined. The former multilayer has
an advantage of being composed of only two materials.
Calculated reflectances are presented as dashed curves in
figure 2. The angle of incidence to all multilayers is 10°
in the figure.

All samples were fabricated by magnetron sputtering.
The sputtering system (ANELVA SPL-500) is of a ver-
tical type with the targets and substrates placed ver-
tically. Mg was dc-sputtered with an input power of
100 W, and SiC and Y2 O; were rf-sputtered with input
power of 200 W. The Ar pressure was 2.0 mTorr for all the
depositions, while the base pressure was 2.0x 10~ Torr.
The multilayers were deposited onto commercially avail-
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Fig.1: Fresnel reflection coefficients of various materials
for He-I (58.4nm), (a), and He-II (30.4nm) resonance
lines, (b).

able 4inch (10.16 cm) Si wafers. Effective deposition rate
of Mg, SiC, and Y203 are 0.12nm/s, 0.02nm/s, and
0.04nm/s, respectively. The film thickness was measured
by an x-ray diffractometer within 5% error for the top
layers and 2% error for the double layers.

3. Results and Discussion

Reflectances of two-color multilayers were measured
with a reflectometer at the beamline BLSB.19) In this
experiments, we used the combinations of the G3 grat-
ing and the M25 mirror for the 25-60nm range and the
G3 grating and the M26 mirror for the 50-70 nm range.
An average resolving power A/dX was about 500. The
resolution of the angle of incidence was about 1° in re-
flection measurements.

In Fig. 2, reflectances of 5iC({14.4nm)-Mg(10.4nm)/
8iC(6.1nm) multilayer at the angle of incidence of 10°
are presented. In the figure, the left and right solid curves
represent experimental results obtained by the G3-M25
and G3-M26 combinations, respectively. The dashed
curve represents the calculated result. In the figure, the
measured reflectance shows the rise around 28 nm, be-
comes maximum (20%) at 31nm and decreases toward
33nm. From 33 nm to 40 nm, the reflectance is less than
10% showing small oscillation. Above 40nm, the re-
flectance increases toward the longer wavelength. Com-
paring experimental result obtained by G3-M25 combi-
nation with calculated ones, spectral shapes and abso-
lute values of reflectances resemble to each other between
30nm and 40nm. The measured reflectance obtained

by the G3-M25 combination did not connect smoothly
to that obtained by the G3-M26 combination between
50nm and 60nm. The reflectance obtained by G3-M26
combination increases from 20% to 30% as the wave-
length increases from 50 nm to 7T0nm. The measured re-
flectance obtained by G3-M26 does not differ much with
the calculated one above 55 nm. Therefore, we supposed
the discrepancy may be due to the effect of the higher
order light in the output light in the G3-M25 combina-
tion. Therefore, we adopted the results of the G3-M26
combination as the obtained values of the reflectances
for He-I line. The reflectance of the SiC-Mg/SiC for the
He-1is 23% and for the He-IL, 17 %.

In this study, the reflectance of the SiC-Mg/Y,0; was
also measured. It was 20 % for the He-I and 23 % for the
He-II. The detailed results will be reported elsewhere.

0.4 T T ; - -
| SiC(14.4 nm)-Mg(10.4 nm)/SiC(6.1 nm)

Reflactance

Wavalength (nm)

Fig.2: Measured reflectance of SiC-Mg/SiC multilayers
for 10° angle of incidence.
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We plan to optically observe ion and neutral atom distributions in space plasma environment.
Tons and atoms resonantly scatter the solar emissions in extreme ultraviolet region. Our targets
are helium ion emission at 30.4nm (Hell emission), helium atom 58.4nm (Hel emission) and
oxygen ion 83.4nm (OII emission). Intensity of emission is proportional to column density of
particles along the line of the sight, so optical observations bring to us the macroscopic particle
distribution.

Japan’s Mars orbiter Planet-B (NOZOMI) was launched in July 1998 to the parking orbit
around the earth and now is cruising to the Mars orbiter. The eXtreme UltraViolet (XUV) scanner
is onboard the NOZOMI spacecraft and observes resonantly scattered light from helium atoms and
ions. We succeeded to observe the terrestrial plasmasphere by detecting Hell emission [1] and the
emission reflected from the surface of the moon on the parking orbit, and in the cruising phase to
the Mars detect Hel and Hell emission from the interplanetary medium.

Also we are developing a mirror for detecting OII emission. In this machine time, we examine
the characteristics of SOR beam at BL-5B and build the method to produce monochromic beam,
which includes no high order light in extreme ultraviolet region, especially from 20nm to 100nm of
wavelength. Finally, we measure transmittance of thin metal filters, reflectivity of multilayer-
coated mirrors and quantum efficiency of Micro Channel Plates (MCPs) detector with the

monochromic beam.

Method to produce monochromic light.

In the latest machine time, we confirm that an Al/Mg/Al filter removes the high order light in
25-50nm wavelength region and make the monochromic light beam produced to the calibration
chamber. As the same way, we tried to remove high order light in other region with Al 430.6nm-
thickness filter, Sn 354.5nm filter, and In 583.0nm filter. Figure 1 shows diffraction patterns of
beams transmitting the Sn filter at the wavelength of 58.4nm. This pattern has no high order line,
therefore, it is clear that the beams consist of one specific wavelength light. Furthermore we
measure transmittances of some metal filers and compare the ones evaluated with discharged
light source. The results are shown as Figure 2a, 2b, and 2¢, which represent the transmittance of
Al 149.2nm, Sn 184.0nm, and In 158.0nm filter, respectively. We conclude that high order cut filter

have good performance.

Quantum efficiency of MCPs

The quantum efficiency measurement of backup MCPs for the XUV is effective to estimate

— 46—



temporal development of the detectable efficiency on flight. So we revalue quantum efficiency of a
reference MCPs for laboratory at 30.4nm and 58.4nm. We evaluate the efficiency by the
comparison between the output current from absolutely calibrated photodiode and the count rate

of the MCPs, to be 5% at 58.4nm and 10% at 30.4nm.
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Figure 1. The diffraction pattern of 584nm light through Sn filter.
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Extreme Ultraviolet Lithography (EUVL) is attracting much interest and actively studied as a new
technology to fabricate semiconductor devices in near future generations. In the EUVL method, multilayer
mirrors are used not only in the demagnifying projection optical system but also in the reflection masks to print
IC patterns on wafers. The reflection masks have currently been developed for the wavelength of 13.5 nm and
have been prepared by patterning metal thin films as absorber materials deposited on EUV reflecting substrates
coated by Mo/Si multilayers. Although Au, Ge, W, and Ni have been used as a absorber metal previously, the
studies on absorber materials and their processing method are insufficient.

We chose chromium, Cr, and tantalum, Ta, metals as a new absorbing material for EUVL reflection mask.
These metals are frequently used in photomask or X-ray mask for lithography and their fabrication processes are
well investigated. Figure 1 shows the calculated transmittance of EUV light for various metals at the wavelength
of 13.5 nm, As shown in Fig. 1, the transmittance (or absorbing ability) of Cr and Ta metals for the EUV light is
nearly equal to that of tungsten, W.

We have fabricated the reflection masks with Cr or Ta metal absorbers deposited on top of Mo/Si multilayer
reflectors. The Cr absorber mask with absorbing film thickness of 44 nm was patterned by conventional lift-off
technique. The schematic diagram of the fabrication process of Ta absorber mask is shown in Fig. 2. The Ta
absorbing layer with 100 nm thickness was deposited on top of the multilayer with 10-nm-thickness SiO2 etch-
stop layer. The Ta absorber mask was patterned by ECR-plasma etching technique.
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Fig. 1. Transmittance of metals at the wavelength of Fig. 2. Fabrication process of Ta absorber
13.5 nm. reflection mask



The mask contrast measurement was carried

out by synchrotron radiation source beamline with

«Ref lectivity measurement Pattern,

lane-gratin, r n
p grating ~ monochromate; around  the AL Rl

wavelength of 13.5 nm (UVSOR BL-5B). A
silicon membrane with thickness of 150 nm was
used as a low-pass filter. In the mask with 3" Si
wafer substrate, we made a reflectivity Resolution Evaluation Pattern
measurement pattern of 4 mm square in addition
to resolution evaluation patterns illustrated in Fig.
3. The contrast was measured by measuring the 3” Si wafer

reflectivity of reflecting and absorbing parts of the ]

patterns using movable stage in the reflectivity Fig. 3. Mask pattems of the present study
measurement system.

The peak reflectivity of the non-processed surface of Mo/Si multilayer deposited by a RF-magnetron
sputtering method was about 62%. For the Cr absorber (44 nm thickness) mask, measured peak reflectivities at
the reflecting and absorbing parts of the processed patterns were about 59% and 4.9%, respectively. The
reflection contrast of the Cr absorber mask was about 12. On the other hand for the Ta absorber (100 nm
thickness) mask, measured peak reflectivities at the reflecting and absorbing parts of the processed patterns were
about 50% and 0.48%, respectively. The reflection contrast was about 105. From an AFM observation we got a
roughness value of 1.3 nm(rms) on the surface of SiO2 etch-stop layer of the Ta absorber mask. The reduction of
the peak reflectivity at the reflecting part of Ta absorber mask would be coursed by both absorption and

scattering of light by SiO2 etch-stop layer.
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Fig. 4. Reflectivity of the Cr absorber reflection mask ~ Fig. 5. Reflectivity of the Ta absorber reflection
mask
It is noted that the masks were prepared at about one year before the reflectivity measurements and had been
kept in the normal air. However there was no significant degradation of the reflectance or surface quality of the

reflection masks.
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A variety of monochromator crystals with different 2d spacings is required for
providing the monochromatized radiation in the soft x-ray region (0.7-3.5 keV) with double-
crystal monochromators. Above about 1.7 keV, semiconductor crystals such as InSb and Si
are available and it is known that such crystals are thermally strong and can endure long
exposure to the intense X-rays even from the 4T wiggler , which is installed in the straight
section upstream of the B7 bending magnet. Below this energy, the Al (~1550 eV) and Mg
(~1300 eV) K-edges lie. It had been necessary to use beryl and quartz crystals to approach
these two edges. However, these crystals are quite sensitive to radiation damage with
considerable degradation in performance. Furthermore, the beryl and quartz crystals contain
the Al and Si elements, respectively. This property prevent users from performing EXAFS
measurements at the Mg and Al K-edges.

The combination of an artificial crystal, YB(400), with the wiggler has been another
possibility to access the Al and Mg K-edges at BL7A in the past [1]. Their low reflectivity
makes YB,, unsuitable for the radiation from the bending magnet. The focusing mirror
system for the wiggler radiation was successfully installed in 1998 [2]. The basic ability to
cover the Mg, Al, and Si K-edges with a single pair of monochromator crystals is very
fascinating, but there is a disadvantageous property for the EXAFS experiments with the YB
crystals, that is, two positive glitches at 1385 and 1438 eV caused by anomalous scattering for
the (600) reflection at the Y L, (2080eV) and L, (2156eV) edges. It is quite hard to
compensate the glitches completely even though the cutoff mirror is introduced.

In order to meet the demand to perform the EXAFS experiments at the Mg and Al K-
edges in the UVSOR, a pair of KTiOPO,(011) (KTP) crystals has been introduced and its
performance test has been carried out on BL7A and BL1A. Figure 1 shows the photon
intensity of the KTP monochromator crystals over the photon energy range 1200-3000 eV,
comparing with those from other crystals. The silicon photodiode from IRD Co. was used to

estimate the photon flux for each pair of crystals. The solid line represents the photon flux



for the KTP crystals measured after the optimization at 1500 eV, and the solid line with black
circles indicates that the intensity was measured at each data point showed by the circles after
the optimization. Comparing with these two curves, it is clear that the detuning by the
irradiation happens, even against the radiation from the bending magnet. However, it can
easily be seen that the photon flux from the KTP crystals without the use of the wiggler
radiation is almost the same as that from the YB,, crystals combined with the wiggler and the
focusing mirror system. The weak structure around 1800 eV and sharp drop around 2150 eV
on the curve corresponding to the KTP crystals are attributed to the Si K-edge jump of the
photodiode and to the P K-edge absorption of the KTP crystals, respectively. The excellent
ability to cover the Mg, Al, and Si K-edges without any structures is quite suitable for

performing the EXAFS measurements at the Mg and Al K-edges.
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The beamline BL7B at the UVSOR facility for solid-state spectroscopy has been opening for

users from April 1999. This beamline is reconstructed on the basis that the synchrotron radiation is

still an important light source, not only for the VUV region but also for the UV, VIS and IR regions,

Fig. 1
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owing to the  wavelength
continuity of synchrotron radiation
with no structure. Then, this 3 m
normal incidence monochromator
(modified version of McPherson
model 2253) covers the 50 — 1000
nm range with three gratings. The

optical design and setup has been

reported in Ref. 1.

The outline of the new
beamline is illustrated at BL7B
page of Status of UVSOR in
this report.  The optical design is
also shown in Fig. 1. The
design parameters of the optical
elements are summarized in Table
1, 2 and 3 in Ref. 2 without
coating material of G2 as
mentioned after. The coverange

of the three gratings in design is



50 — 150 nm for G1, 80 — 300 nm
for G2 and 150 — 1000 nm for G3.

This beamline covers the wide

wavelength range, so that the
reduction of the higher order light

becomes important. Good purity of

Reflectance

the monochromated light is almost
fulfilled over whole wavelength by

using the low wavelength cut filters

such as LiF, quartz, pyrex glass and

0.0 . ' : . : L ' , :
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Figure 2 shows the output

Fig. 3 spectra of BL7B. Both entrance and
exit slits are 50pm. LiF and quartz filters are used in G2 and G3 spectra, respectively. Re-coating from
Al to Au of G2 gives us the sufficient flux increase at higher energy of G2 region. It is difficult to
estimate the intensity of the scattered light, but comparison between the spectra with and without the
filters represents that the intensity ratio of the visible scattered light to the average output is expected
less than 0.5%. Figure 3 shows Fe,VAI reflectance spectrum as an example of the wide range

measurements. Details of the spectrum will be seen in Ref.3.
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